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A METHOD AND AN APPARATUS FOR GENERATING A PHASE-MODULATED WAVE 
FRONT OF ELECTROMAGNETIC RADIATION 

FIELD OF THE INVENTION 

5 The present invention relates generally to the field of phase modulation of images to form 
an image having a specific spatial phase modulation. More particularly, the invention 
relates to a method and a system for generating a phase-modulated wave front wherein 
the spatial phase-modulation is not performed on the different parts of the wave front 
individually as in known spatial phase modulators. Rather, the spatial phase modulation 
10 according to the present invention is performed by generating an amplitude modulation in 
the wave front, filtering the spatial frequency components in Fourier or Fresnel space, and 
regenerating the wave front whereby the initial amplitude modulation has transformed into 
a phase modulation. 

BACKGROUND OF THE INVENTION 

15 

Most transparent objects affect the spatial phase relation of a transmitted wave front of 
light since different parts of the wave front experience slightly different optical path - 
lengths. The transparent object thereby performs a spatial phase-modulation on the wave 
front which is unique for the object. The resulting wave front depends upon the object 

20 itself as well as upon the initial spatial phase-distribution over the wave front of the 

incoming light. Therefore, it is normally only of interest to phase-modulate light from a light 
source having a well defined spatial phase-distribution, typically light originating from 
coherent light from a laser. When applying light with well-defined spatial phase-distri- 
bution, the output becomes a representation of the spatial differences in the optical 

25 properties of the object along the path of the light. 

In general, a phase shift 5 between two rays of light is given by 

8 = 2icAA/A*+fo2-*i), (1) 
where X 0 is the wavelength of the radiation in vacuum, aa is the difference in optical path 
30 length traveled by the light rays, and ty 3 - fa) is the initial phase shift between the rays. 
According to Equation (1), to induce a spatial phase shift, an object has to change the 
optical path length A for one part of the radiation in relation to A for another part of the 
radiation. The optical path length is given by A = nL, where n is the refractive index of the 
medium and L is the distance traveled through the medium. Thus in order to induce a 
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phase shift, one can either change the refractive index of the medium or the distance 
traveled in the medium. 

Thus, generating a wave front with a specific simple spatial phase-modulation is a 
5 conceptual simple (though technically cumbersome) task if one knows how to prepare the 
object to have a specific refractive constant or thickness along the path of the light If e.g. 
the object is a window with varying thickness, two trajectories of equal length but through 
different parts of the window will experience different optical path lengths, which will 
induce a phase difference in the transmitted wave front. Such an object will always 
10 perform the same specific spatial phase modulation when given the same incoming light. 

Generating spatially phase-modulated wave fronts with dynamically controllable phase 
modulation is a difficult task since one needs an object in which the optical path length 
can be controlled dynamically. Thereby, the phase relation between different parts of the, 
1 5 resulting wave front may be dynamically controlled. 

In the prior art, dynamically controllable spatial phase-modulators are known as Phase 
Only Spatial Light Modulators (POSLM), and typically consist of a matrix of dynamically 
addressable phase-modulating elements in a transmitting or a reflecting configuration. In 

20 order to have POSLMs of practical use, one needs a resolution comparable to modern 
televisions and monitors, typically in the form of an array of tens of thousands of 
individually addressable phase modulating elements. Such devices are very delicate and 
sensitive and are only produced by highly specialized manufacturers around the world. All 
these issues add to the costs of fabrication, and phase modulators are extremely 

25 expensive devices. 

In transmitting POSLMs, each phase-modulating element is transparent in order for light 
to pass through the element. Controlling the thickness or the refractive index of each 
element may control the optical path length of each element. 

30 

For dynamically controllable POSLMs, the addressing electronics between the phase- 
modulating elements introduces large dead-space giving rise to a residual amplitude 
modulation in the phase-modulated image. This amplitude modulation is multiplied with 
phase modulation to give a "zero transmission" pattern in the resulting image as well as 
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noise due to diffraction on the dead space areas. Present transmitting POSLMs have a 
low fill factor, typically 50%. 

Seiko-Epson produces a transmitting liquid crystal SLM (LC-SLM) having a high 
5 resolution matrix of transparent liquid crystal elements wherein the relative permittivity of 
each element can be electrically modulated in order to induce a change An in the 
refractive index and thereby the optical path length of the element The addressing 
electronics between the phase-modulating elements introduces a large dead-space giving 
rise to a residual amplitude modulation in the phase-modulated image as well as a low fill 
10 factor (<50%). 

Meadowlark produces a parallel-aligned liquid crystal modulator (PAL-SLM) with a high fill 
factor, but this device has a very low resolution in that it contains only 137 phase- 
modulating elements. 

15 

Reflecting POSLMs are typically simpler to fabricate since here, the phase-modulating 
elements need not be transparent which allows for any bulk electronics to be positioned 
on the backside. This also allows a much smaller dead space between the elements. 
Therefore, reflective POSLMs typically have larger fill factors than transmitting POSLMs. 
20 In reflecting POSLMs. the optical path length of each element may be controlled by 

controlling the "depth" of the reflective surface (stroke) or the refractive index of a material 
layer above the reflective surface. 

In general, the reflection configuration of POSLMs is an optically disadvantageous 
25 configuration since it increases the required number of optical components needed to 
guide the light If a reflective POSLM is arranged in an on-axis geometry, a beam splitter 
is needed in the optical set-up, which typically introduces 75% loss (two times 50% loss). 
The beam splitter may be avoided in an off-axis geometry, which however introduces a 
number of other disadvantages. 

30 

Hamamatsu Photonics produces a dynamically controllable PAL-SLM with XGA 
resolution. Texas Instruments produces a Digital Mirror Device (DMD) having an array of 
mirrors each of which can be tilted between two positions. 
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In summary, all known POSLMs are based on the principle of phase modulating the 
image on a "pixel-by-pixel basis" where the optical path length in each phase modulating 
element must be dynamically controlled. This is a strenuous, and expensive method and 
the devices are delicate and sensitive. 

5 SUMMARY OF THE INVENTION 

According to the present invention, a spatial phase-modulation is performed by generating 
an amplitude modulation in an input wave front, Fourier or Fresnel transforming the 
amplitude modulated wave front, phase-shifting and/or damping Fourier or Fresnel 
1 0 components of the Fourier or Fresnel distribution with a spatial filter such as a phase 
contrast filter, and regenerating the wave front whereby the initial amplitude modulation is 
transformed into a phase modulation. 

The method and system of the present invention is thereby conceptually different from 
15 known methods and systems for generating phase-modulated wave fronts. As described 
previously, the known methods and systems generating phase-modulated wave fronts 
induce a phase modulation by modulating the optical path length for each spatial part of 
the wave front in a matrix of phase modulating elements, 

20 In a first aspect, the present invention provides a method for generating a phase- 
modulated wave front of electromagnetic radiation comprising the steps of: 

- providing an input wave front of electromagnetic radiation, E(x,y), 

- performing a spatial amplitude modulation a(x,y) on the input wave front to generate a 
spatial amplitude distribution a(x,y) in the electromagnetic radiation in a plane 

25 transverse to a direction of propagation of the electromagnetic radiation, 

- Fourier or Fresnel transforming the amplitude-modulated wave front a(x,y) to form a 
Fourier or Fresnel distribution of the amplitude-modulated wave front a(f x ,f y ), said 
Fourier or Fresnel distribution comprising Fourier or Fresnel components, 

- filtering the Fourier or Fresnel distribution by phase shifting at least part of a zero- 
30 order component of the Fourier or Fresnel distribution a(f Xl f y ) in relation to other 

components of the Fourier or Fresnel distribution and/or damping a zero-order 
component of the Fourier or Fresnel distribution §(f x ,f y ) in relation to other components 
of the Fourier or Fresnel distribution by a spatial filter having a filter function H(f Xl f y ) 
giving the phase shift and/or damping of the zero-order component in relation to 
35 higher-order components of the Fourier or Fresnel distribution a(f x ,f y ), and 
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- inverse Fourier or inverse Fresnel transforming the filtered electromagnetic radiation 
to form a phase-modulated wave front o(x , ,/) l said phase-modulated wave front being 
a function of at least the input wave front E(x l y) l the amplitude modulation <x(x,y), and 
the filter function H(f Xl f y ). 

5 

In the present application, an apostrophe on a set of coordinates indicates that they refer 
to the wave front after the inverse Fourier or Fresnel transformation. Similarly, a utilizing 
coordinates f x ,f y (,f z ) indicates that they refer to a Fourier or Fresnel transformed wave 
front 

10 

The method according to the first aspect may be performed using a system for generating 
a phase-modulated wave front, 

IZ Hence, in a second aspect, the present invention provides a system for generating a 

(3 15 phase-modulated wave front of electromagnetic radiation, said system comprising: 

? f - a first deflecting and/or absorbing device for receiving an input wave front E(x,y) of 

i? ass 

Iff electromagnetic radiation, performing a spatial amplitude modulation a(x,y) on the 

jfj input wave front by deflecting and/or absorbing parts of the wave front to generate a 

s yj 

I ' spatial amplitude distribution a(x.y) in a plane transverse to a direction of propagation 

20 of the wave front, and emitting the amplitude modulated wave front a(x,y), 

if 5 II 

- means for Fourier or Fresnel transforming the amplitude-modulated wave front a(x,y) 
to form a Fourier or Fresnel distribution a(f Xi f y ), said Fourier or Fresnel distribution 

0 comprising Fourier or Fresnel components, 

- a spatial filter for receiving the Fourier or Fresnel distribution a(f x ,f y ), phase shifting 
25 one or more first components in relation to one or more second components of the 

Fourier or Fresnel distribution and/or damping one or more third components in 
relation to one or more fourth components of the Fourier or Fresnel distribution, and 
emitting a filtered distribution §'(f x ,f y ) ( said spatial filter being characterized by a filter 
function H(f x ,f y ) which gives the damping and/or phase shift for each component of the 
30 Fourier or Fresnel distribution a(f X( f y ), 

- means for inverse Fourier or inverse Fresnel transforming the filtered electromagnetic 
radiation to form a phase-modulated wave front o(x'y), said phase-modulated wave 
front being a function of at least the input wave front E(x,y), the amplitude modulation 
a(x,y), and the filter function H(f x ,f y ). 



35 
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The present method and system rely on the principle of generating a phase modulation by 
initially generating an amplitude modulation and filtering one or more spatial frequency 
components of the amplitude modulation in Fourier or Fresnel space to form an 
interference pattern which substantially counterbalance (that is removes) the generated 
5 amplitude modulation leaving a phase-only modulation of the initial wave front. The 
filtering applies a standard spatial phase modulation, and thus the spatial filter may be a 
phase modulator according to the state of the art. However, there are a number of 
advantages in performing the filtering directly on the spatial frequency components in 
Fourier or Fresnel space. 

10 

First, since there is no need for a phase modulator having size and resolution 
corresponding to the size and resolution of the desired phase-modulated wave front, the 
fabrication of phase modulating systems is made simpler, easier and cheaper compared 
to the prior art. Preferably, only one or a few of the Fourier or Fresnel components need to 
1 5 be filtered, whereby a very simple filter with only one or few phase and/or amplitude 
modulating elements may be applied. Moreover, since only one or few phase modulating 
elements is needed to perform the filtering, the filter may be designed to reduce or avoid 
dead space between the phase modulating elements. 

20 The phase modulation of different parts of the wave front is generated from an amplitude 
modulation of corresponding parts of the input wave front Performing an amplitude 
modulation is a much simpler and cheaper task than performing a phase modulation and 
may be generated with a variety of sizes and resolutions using standard ASLMs. 

25 Also, the present invention allows for controllably generating non-pixilated (continuously 
varying) phase modulations by using non-pixilated (continuously varying) amplitude 
modulations such as photographic films. It has not previously been possible to generate 
such non-pixilated (continuously varying) phase modulations in a controlled manner. 

30 Thus, the present invention represents a highly innovative progress in the field of phase 
modulation and phase modulators. The present invention is also a generic invention since 
it provides a conceptually new method and a conceptually new system for performing 
phase-modulation. 
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Preferably, the method according to the first aspect of the present invention is performed 
by filtering only the zero-order spatial frequency component of the amplitude modulated 
wave front in Fourier or Fresnel space. Hence, according to a third aspect, the present 
invention provides a method for generating a phase-modulated wave front according to 
5 the first aspect, wherein the step of phase shifting and/or damping one or more 
components is replaced by a step of: 

- filtering the Fourier or Fresnel distribution by phase shifting at least part of a zero- 
order component of the Fourier or Fresnel distribution a(f Xf f y ) in relation to other 
components of the Fourier or Fresnel distribution and/or damping a zero-order 

1 0 component of the Fourier or Fresnel distribution a(f x .f y ) in relation to other components 
of the Fourier or Fresnel distribution by a spatial filter having a filter function H(f XJ f y ) 
giving the phase shift and/or damping of the zero-order component in relation to 
higher-order components of the Fourier or Fresnel distribution a(f x ,f y ). 

15 The method according to the first aspect may be performed using a system for generating 
a phase-modulated wave front. Hence, according to a fourth aspect, the present invention 
provides a system according to the second aspect for generating a phase-modulated 
wave front, wherein the spatial filter is replaced by 

- a spatial filter for receiving the Fourier or Fresnel distribution a(f Xl f y ), phase shifting a 
20 zero-order component of the Fourier or Fresnel distribution in relation to other 

components of the Fourier or Fresnel distribution and/or damping a zero-order 
component of the Fourier or Fresnel distribution in relation to other components of the 
Fourier or Fresnel distribution, and emitting a filtered distribution S'^fy), said spatial 
filter being characterized by a filter function H(f x ,f y ) which gives the damping and/or 
25 phase Shift of the zero-order component in relation to other components of the Fourier 
or Fresnel distribution S(f x ,f y ). 

In the present specification and claims, it is important to interpret the properties of 
electromagnetic (EM) radiation correctly. An electromagnetic wave can be given by: 

30 

Efryrf'Efay)**- 1 ***™ (2) 

and 

B(x,y,z)-B 0 (x,y)e ((wN,fZ ^ (x ' y)) (3) 
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assuming that the wave propagates in the z-direction. where E 0 and B 0 are the 
amplitudes, o> the angular frequency, t the time, k the wave number, and 4>(x,y) is an initial 
phase value. 

5 In the present specification and claims, the term "radiation" refers to electromagnetic (EM) 
radiation unless otherwise stated or implied. Also, in the present specification and claims, 
the term "wave front" refers to a planar section of the propagating radiation in a plane at 
least substantially perpendicular to the direction of the Poynting vector of the radiation. 
Typically, the direction of the Poynting vector of the radiation is at least substantially equal 

10 to the direction of propagation of the radiation and these will be referred to interchange- 
ably. The term "wave front" is not restricted to the first part of a ray or pulse of radiation, 
rather, a ray or a pulse may be considered as an (infinite) number of wave fronts. Neither 
is wave front restricted to mean a two dimensional distribution of radiation, wave front may 
also designate a ray of light having a substantially line- or point-like cross section. In some 

15 contexts, the term "wave front" may be understood as simply a one- or two-dimensional 
distribution of electromagnetic radiation and may also be referred to as an image. 

Regarding Equations (2) and (3) in relation to a wave front, it may be seen that if the 
direction of propagation is along the z-axis in a Cartesian coordinate system, the wave 

20 front may be described in the x,y-plane. Hence, a wave front can be characterized by its 
complex amplitudes of the electric and magnetic fields E(x,y) and B(x,y) over the wave 
front. In the present specification and claims, the term "amplitude", amplitude distribution, 
or "spatial amplitude" will refer to the complex amplitude of the electric field, having both 
an amplitude distribution, |E(x,y)|, and a phase distribution arg[E(x,y)], unless otherwise 

25 stated. Also, a spatial amplitude modulation may be performed on the wave front meaning 
a change of the spatial amplitude over the wave front according a function <x(x,y) giving 
the change in amplitude at each position (x,y) of the wave front as a result of the 
modulation oc(x,y). The amplitude distribution resulting from an amplitude modulation 
a(x,y) will in the present application be denoted a(x,y). If the wave front initially has a 

30 constant amplitude E(x,y) = E, the resulting amplitude distribution will correspond to the 
performed amplitude modulation ct(x.y). 

Similarly, the relative values of the phases of different parts of the wave front is denoted 
by the function <K*,y)- Also, a spatial phase modulation <p(x,y) may be performed on the 
35 wave front meaning a change of the relative spatial phase over the wave front 
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corresponding to multiplying (2) or (3) with a factor e iq,<x,y) denoted a phasor value or 
phasor. Since an input wave front will typically have a flat or constant phase <|>(x,y) = 
constant, and since only relative phases can be considered, the phase distribution of a 
phase modulated wave front may also be expressed by cp(x,y). 

5 

With the term "in a plane transverse to a direction of propagation of the electromagnetic 
radiation" is meant that when a surface, of e.g. an optica! element, modulates radiation, 
the surface need not be transverse to the direction of propagation, however, when the 
optical element has performed the modulation, the effect correspond to a projection of the 
10 optical element onto a plane transverse to the direction of propagation and hence be 
performed on radiation forming a wave front in a plane transverse to a direction of 
propagation of the radiation. 

Fourier or Fresnel transforming a wave front form a diffraction pattern having a spatial 
1 5 distribution §(f x ,f y ) corresponding to the amplitudes of the spatial frequency components 
comprised in the wave front a(x,y). At the focal plane of the transformed wave front, the 
diffraction pattern is a Fourier transformation of the wave front, and the amplitude 
distribution is a Fourier distribution having Fourier components. At any other plane, the 
diffraction pattern is a Fresnel transformation of the wave front, and the amplitude 
20 distribution is a Fresnel distribution having Fourier components. The Fourier or Fresnel 
components are generally referred to according to their order. In a preferred embodiment, 
the Fourier or Fresnel transformation is performed by a lens, such as an achromatic lens, 
a Fourier lens, or a planar lens, or by a diffracting pattern or free space propagation. 

25 When describing radiation from a Fourier or Fresnel transformed wave front, one typically 
works in the Fourier or Fresnel space with coordinates (f x ,f yj f z ). Hence, when filtering the 
Fourier or Fresnel distribution a(f x ,f y ), a phase modulation $p(f x ,f y ) and/or an amplitude 
modulation a F (f Xl f y ) is performed on the components in the Fourier or Fresnel space. The 
phase and/or amplitude modulation performed by the filter is in general determined by the 

30 filter function H(f x ,f y ) of the filter, H(f x ,f y ) giving the phase shift and the damping of radiation 
of the filter at coordinates (f xt f y ). The filtered Fourier or Fresnel distribution is marked with 
apostrophe to indicate that the amplitude distribution has been filtered, thus, after the 
filtering, the amplitude distribution is written as a^fy) = H(f x ,f y ) a(f x ,f y ). 
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An inverse Fourier or Fresnel transformation of the filtered wave front a'(f Kl f y ) will form a 
diffraction pattern which "regenerates" a wave front corresponding to the initial amplitude 
modulated wave front a(x,y). However, the filtering have induced some important 
changes, and the resulting amplitude distribution o^y') have an amplitude and phase 
5 distribution which primarily is a function of the input wave front, the amplitude modulation 
and the filtering. Naturally, a number of other parameters such as aberration effects and 
noise will affect the resulting wave front, but controlling the amplitude modulation and the 
filtering will control the phase modulation performed on the input wave front. 

10 In order to control the phase modulation of the resulting wave front ofr',/), the spatial 
amplitude modulation a(x,y) may be adjusted in relation to the filter function H(f x ,f y ), or 
vice versa. 

Thus, the system according to the present invention preferably comprise a controller for 
1 5 controlling the spatial amplitude modulation oc(x,y) in relation to the filter function H(f x ,f y ), 
or vice versa, in order for the system to generate a predetermined phase-modulated wave 
front. 

In order to control or adjust the spatial amplitude modulation cc(x,y) in relation to the filter 
20 function H(f x ,f y ), at least one of the first deflecting and/or absorbing devices and the spatial 
filter is preferably addressable and adapted to receive a control signal controlling the 
amplitude modulation a(x.y) and/or the filter function H(f x ,f y ). Thus, the controller 
preferably comprises interface means for addressing the first deflecting and/or absorbing 
device and/or the spatial filter and for transmitting signals controlling the amplitude 
25 modulation a(x,y) and/or the filter function H(f x ,f y ). 

The amplitude modulation a(x,y) and the filter function H(f K ,f y ) are preferably controlled in 
relation to values generated inside the controller or to values generated outside the 
controller and transmitted to the controller. Thus, the controller preferably comprises 

30 electronic processing means for calculating values related to the amplitude modulation 
cc(x,y) and/or the filter function H(f„,f y ) f or parameters thereof Also, the controller may 
comprise holding means for holding values related to the amplitude modulation a(x,y) 
and/or the filter function H(f Xl f y ), the controller being adapted to generate the control 
signals transmitted by the interface means on the basis of the information comprised in 

35 the holding means. 



P00096US2 



11 

The first deflecting and/or absorbing device and the spatial filter may be divided or 
pixilated into a number of individual parts (x,y), each performing an amplitude modulation 
or filtering on a part of the received wave front. Thus, the controller may assign different 
values of a(x,y) and/or H(f Xf f y ) to different parts of the first deflecting and/or absorbing 
5 device or the spatial filter. 

The controller may comprise any electronic processor such as a computer, a 
microprocessor, integrated circuits, etc. The interface means be based on electronic 
transmission of analogue or digital signals to the amplitude modulator, the spatial filter, or 

10 to pixels of these. Also, the interface means may be based on addressing by 

electromagnetic radiation such as RF or MW signals controlling the state of electronic 
controllers placed on the amplitude modulator, the spatial filter, or in relation to pixels of 
these. However optical signals such as signals generated by a laser may address the 
amplitude modulator, the spatial filter, or individual pixels of these in order to control the 

15 damping, reflectivity or phase shift of the illuminated region by an optical process. 
Addressing by lasers may make use of various laser-scanning techniques in order to 
address a large number of pixels. 

Alternatively, a range of values for a(x,y) and H(f x ,f y ) may be held at the first deflecting 
20 and/or absorbing device and/or the spatial filter, whereby the one or more controlling 
signals controls which value to apply to the addressed part. 

Preferably, the spatial phase distribution of the input wave front E(x,y) is at least 
substantially constant over the wave front. Also, the input radiation is at least substantially 

25 spatially and temporally coherent, and the radiation is monochromatic or quasi- 
monochromatic so that the energy of the electromagnetic radiation is concentrated in a 
narrow frequency bandwidth. Since the principle of the present invention is based on 
interference of different parts of an electromagnetic wave front originating from a common 
source of electromagnetic radiation, it is required that the frequency range of the emitted 

30 electromagnetic radiation is sufficiently narrow to ensure that the different spatial parts are 
coherent so that their superposition generates the desired intensity pattern. If the 
frequency range is too broad, the two waves will be incoherent and the phase information 
may be lost. 
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Preferably, the electromagnetic radiation is generated by a coherent source of 
electromagnetic radiation, such as a laser, a maser, a phase-locked laser diode array, etc. 
However, a high-pressure arc (amp, such as a Hg lamp, a Xe lamp, etc, may also be 
used. 

5 

In a preferred embodiment, the first deflecting and/or absorbing device comprises a matrix 
of deflecting and/or absorbing elements, wherein each element may be individually 
addressed by interface means in order to control the deflection and/or absorption of each 
element individually, that is to control the value of a(x.y) at different positions (x,y) of the 
10 device. 

Preferably, a pixilated first deflecting and/or absorbing device is an amplitude modulator 
such as a standard ASLM such as a liquid crystal display sandwiched between crossed 
polarizers or a MEMS based device. Preferably, such pixilated device has a resolution of 
15 at least 100 pixels/cm 2 and preferably comprises at least 100 pixels and typically several 
thousands pixels. 

Alternatively, the first deflecting and/or absorbing device may be non-pixilated to provide a 
substantially continuous variation of absorption and/or deflection in a plane transverse to 
20 a direction of propagation of the electromagnetic radiation. Non-pixilated and continuously 
varying should be interpreted as being smooth on a macroscopic scale. In this case, 
a(x,y) would be a continuous function in x and y. A non-pixilated device may be 
established by polymeric materials or a photographic film such as a silver halide film. 

25 In its simplest implementation, the amplitude modulation may be performed simply by a 
transparent sheet with a pattern or an image formed thereon. Such device may be either 
pixilated or non-pixilated. 

The input wave front preferably has a substantially constant amplitude. Typically, wave 
30 fronts from radiation sources has varying amplitude which may be substantially constant 
within confined regions. Thus, the first deflecting and/or absorbing device may comprise 
an aperture for truncating the input wave front to define a transverse spatial profile for the 
amplitude modulated wave front a(x,y). Alternatively, the controller may be adapted to 
control the spatial amplitude modulation ct(x,y) to define a transverse spatial profile for the 
35 amplitude modulated wave front a(x,y). Also, the spatial amplitude modulation a(x,y) may 
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be controlled to level out known amplitude variations in the input wave front The resulting 
spatial profile of the amplitude modulated wave front a(x,y) are preferably a profile 
selected from the group consisting of triangular, rectangular, quadratic, rhombic, 
pentagonal, hexagonal, circular, ellipsoidal. 

5 

In the present specification, the first deflecting and/or absorbing device in its broadest 
sense may also be referred to by the more descriptive term "amplitude modulator". 

The means for Fourier or Fresnel transformation and/or the means for inverse Fourier or 
10 Fresnel transformation are preferably selected from the group consisting of achromatic 
lenses, Fourier lenses doublets planar lenses, diffracting patterns, free space 
propagation. Lenses may be used in a 4f-!ens configuration (two Fourier transforming 
lenses utilizing transmission of light) or a 2f configuration (one Fourier transforming lens 
and a reflective spatial filter). However, any optical imaging system providing a filtering 
1 5 plane for the spatial filter may be applied. The lenses need not have identical focal 
lengths, different focal lengths lead to a magnification ratio different from one. 

A spatial filter is a component that changes the phase and/or the amplitude of an 
electromagnetic wave incident upon it according to the filter function H(f w f y ), The spatial 
20 filter may transmit or reflect the incident electromagnetic wave. 

The spatial filter may be fixed so that the phase shift and/or damping of each part of the 
spatial filter may have a fixed value specific to the filter. Fixed spatial filters may be 
realized utilizing fixed phase masks, such as phase contrast filters in the form of an 
25 optically flat glass plate coated with a dielectric layer at specific positions of the glass 
plate. 

Alternatively, the spatial filter may comprise one or more individually addressable and 
controllable phase shifting and/or damping elements, each of which elements modulating 
30 the incident wave front by changing its phase and/or amplitude by a predetermined value. 
Here, the controller may be adapted to individually control the one or more phase shifting 
and/or damping elements in order to individually control the phase shift and/or damping of 
selected components of the Fourier or Fresnel distribution 5(f Xl f y ) in relation to other 
components of the Fourier or Fresnel distribution. 

35 
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The predetermined values of H(f x ,f y ) may be assigned to each element in different ways 
depending upon the technology applied in the component. For example the spatial filter 
may be controllable in that each element may be addressed either optically or electrically. 
The electrical addressing technique resembles the addressing technique of solid-state 
5 memories in that individual parts may be addressed through electronic circuitry to receive 
a control signal assigning the phase and/or amplitude change to be generated by the 
element. The optical addressing technique may address each element by pointing a light 
beam on it, the intensity of the light beam corresponding to the phase and/or amplitude 
change to be generated by that element when illuminated by a wave front, 

10 

Dynamically addressable and controllable spatial filters may be realized by devices 
comprising liquid crystals and being based on liquid crystal display technology, dynamic 
mirror devices, digital micro mirror arrays, deformable mirror devices, membrane spatial 
light modulators, laser diode arrays (integrated light source and phase modulator), smart 
15 pixel arrays, etc. 

The first deflecting and/or absorbing device and the spatial filter may both be either 
transmitting or reflecting, meaning that the amplitude modulation <x(x,y) or filtering H(f x ,f y ) 
may be performed on a wave front transmitted or reflected from the device/filter. Thereby, 
20 several different configurations may be possible for the system, namely configurations 
wherein the first deflecting and/or absorbing device and the spatial filter are both 
reflecting, wherein they are both transmitting, or wherein one is transmitting and one is 
reflecting. Preferably, the first deflecting and/or absorbing device and the spatial filter are 
both transmitting since this allows for a compact low-loss configuration of the system. 

25 

In a preferred embodiment of the present invention, the spatial amplitude modulation 
oc(x,y) is adjusted in relation to the filter function H(f Xl f y ), or vice versa, in order to generate 
a predetermined phase-modulation o(x\y'). Preferably, this predetermined phase- 
modulation is a phase-only modulation resulting in a generated wave front o(x i y) having 
30 a constant amplitude distribution |o(x\y)| = constant. 

According to the third and fourth aspect of the present invention, the Fourier or Fresnel 
distribution is filtered in a zero-order spatial filter, phase shifting only the zero-order 
component in relation to higher order components. In the following, a number of preferred 
35 embodiments and the scheme for adjusting cc(x,y) in relation to H(f Xl f y ) according to the 
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third and fourth aspect is provided. A full mathematical derivation of the presented 
formulas is given for a specific system geometry in an appendix to the application. 

In general, the amplitude modulation a(x ( y) will have a minimum value Min{ot(x,y)), a 
5 maximum value Max(a(x,y)) and an average value a . Given the values of Min(a(x,y)). 
Max(a(x t y)) and a , it is still possible to make a(x,y) any desired shape since only the 
amplitude and an off-set is constrained. 

The mathematical expressions according to which the adjustment of ct(x,y) in relation to 
1 0 H(f x ,f y ) is performed depends significantly on the spatial profile of the wave front, or 
equivalently the input aperture, chosen in the system at hand. The spatial profile of the 
wave front may be defined by e.g. the input wave front, an aperture or iris or a sharp cut- 
off in the amplitude modulation a(x.y). The spatial profile determines the geometry (or 
modes) in the Fourier or Fresnel distribution and the shape of the zero-order component 
1 5 and thus have important consequences throughout the system. 

As the input wave front is typically truncated by an aperture, diffraction effects will arise at 
the edge of the aperture. A similar truncation takes place in the central part of the filter. 
Thus, the resulting amplitude modulated wave front o(x',y') contains remnants from these 

20 diffraction effects. In a detailed analysis, a synthetic reference wave (SRW) g(r') is 
introduces describing the zero-order part of the filtered wave front o(x\y') from a system 
with no amplitude modulation (a(x,y) = 0, only the aperture and the spatial filter is in the 
system). Thus a wave front propagating through an system with no amplitude modulation 
will be somewhat distorted, and this distortion represented by g(r') is "overlapped" with the 

25 phase modulation carried out in a system with phase modulation. In order to take the 
distortion represented by g(r') into consideration, the input wave front may be manipulated 
in a way which counterbalance the distortion, according to a function designated g(r), 
where g(r) can figuratively be described as g(r) = tf\f). (the coordinates r and r 1 

designates radii r = ^x 2 +y l in the initial and final wave front). The SRW g(r') is 
30 determined by the geometry of the various components of the system, and is 

straightforward (but cumbersome) to determine. g(r) may be complicated to determine, 
however, depending on level of ambition, the impact of g(r") may be approximated by a 
simpler expression. 
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A zero-order spatial filter may have a part for performing the filtering of the zero order 
component of the Fourier or Fresnel distribution a(f X( f y ) and a surrounding part for 
performing the filtering of the higher order components. The part for performing the zero 
order filtration is typically a central part of the filter. The transmittivity or reflectivity, 
5 (depending on whether the spatial filter is a transmitting or reflecting component) of the 
central and surrounding parts may be designated by parameters A and B, where: 

- A is the transmittivity or reflectivity of the surrounding part, Be[0;1] where B=1 means 
no damping, and 

10 - B is the transmittivity or reflectivity of the central part, Ae[0;1] where A=1 means no 
damping. 

The relative phase shift between radiation filtered by the central part and radiation filtered 
by the surrounding part is designated 0. 

15 

A, B, and 9 are variables of the filter function H(f Xl f y ) and may be combined in a combined 
filter term C expressed as 

C--tf w -l = |C|ff Wc . (4) 
A. 

where |C| and ¥ are modulus and argument of the combined filter term C. H(f x ,f y ) may 
20 further comprise a term related to the shape of the central part, however, as this term is 
specific to the spatial profile of the wave front in the system, it will be expressed in a 
common geometrical parameter for the system, 

(n a preferred embodiment, an optimized binary phase-only modulation may be performed 
25 resulting in a wave front o(x',/) having a constant amplitude, |o(x' r y*)| = constant, and a 
binary phase distribution, arg[o(x\y')] = b(x'y), where b(x\y') is a binary function. In the 
optimized embodiment, the spatial filter is a loss less filter having A = B = 1 and 0 = and 
the spatial amplitude modulation a(x,y) is performed according to 

a{x,y) = b(x y y)+fy-gY l g{r) t (5) 

30 where b(x,y) is a binary function with an average value h , g(r) is a function which 
counterbalancing the effects represented by a synthetic reference wave g(r') of the 
system, and g is the average value of g(r). The resulting phase modulation b(x\y') is 
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similar to the binary function b(x,y) of the amplitude modulation, except for possible 
magnification factors. 

In the present context, the term binary means "two-valued" meaning a property of having 
5 or showing two values or levels which are typically different and not necessarily "0" and 
"1" or "zero" and "not zero", but may be any two values or levels such as "30%" and 
"50%", 

The term binary spatial amplitude distribution E(x,y) and a(x,y) or modulation a(x,y) 
10 means a spatial amplitude distribution/modulation having only two intensity/amplitude 
levels in its variable regions which does not include the amplitude from any dead-space 
between the variable regions. Hence, a binary spatial amplitude distribution/modulation 
may comprise three or more intensity/amplitude levels, but in the regions in which the 
levels may be varied it only takes two levels. Of course each level may cover a small 
15 range of different levels owing to the finite precision of optical components and noise. 

Similarly, a binary spatial phase-distribution/modulation means a spatial phase- 
distribution/modulation wherein parts of the phase modulated wave front is out of phase 
with other parts, but always with the same fixed phase shift (two phase "values" = one 
20 phase shift). Again, phase dead-space may appear between the regions in which the 
phase is modulated. 

In the preferred embodiment according to Equation (5), it should be noticed that the 
amplitude modulation is not binary as such since the binary function b(x,y) Is overlapped 

25 with a center-symmetric term. Thus, the amplitude modulation may be a rather 
complicated function if an optimized binary phase-only modulation is to be formed. 
However, not all amplitude modulators may be able to generate an amplitude modulation 
a(x,y) according to Equation (5), Also, if the amplitude modulation a(x,y) is to be 
dynamically controlled such as for the system to generate an animated sequence of 

30 phase modulations, continuously calculating values of a(x,y) for all pixels may require 
high processing speeds. 

Thus, in another preferred embodiment, a binary phase-only modulation may be 
performed using an at least substantially binary spatial amplitude modulation oc(x,y), 
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whereby a phase-modulated wave front is generated with an at least substantially binary 
phase-modulation. 

In this preferred embodiment, the binary spatial amplitude modulation a(x,y) should be 
5 adjusted in relation to the filter function H&.fy), or vice versa, using the following steps: 

- determining an aperture fraction t| being a ratio between a size of the central part of 
the spatial filter and a size of the zero order component of the Fourier or Fresnel 
transformed amplitude-modulated wave front £(f x ,f y ) at the position of the spatial filter, 

10 - determining a parameter K(tj) expressing a relative amplitude of radiation within the 
central part of the spatial filter, 

- where expressions for ti and Kft) are specific to a spatial profile of the amplitude 
modulated wave front a(x,y) f and 

- adjusting the parameters rj, C, Min(a(x,y)), Max(a(x,y)) and a to at least substantially 
15 fulfill 

Ka\d[\cos(^ c )\ = ±(Max(a{x,y)) + Min(<x{x,y))) % (6) 

- in order to generate a predetermined phase-modulation arg[o(x\y')]. 

The predetermined phase-modulation arg[o(x\y T )] has the same binary pattern as the 
20 binary phase modulation a(x,y), independently of the specific pattern and resolution of the 
amplitude modulation. 

Equation (6) constrains the minimum, maximum, and average values of a(x t y) given the 
combined filter term C and the spatial profile of the wave front. Subject to these 

25 constraints, there is freedom of design for the binary function a(x,y). Alternatively, starting 
out with a given binary amplitude modulation a(x,y) t the combined filter term C (or 
equivalent^ A r B, and 6) giving an binary phase-modulation arg[o(x\y')] may be 
determined using Equation (6) and knowing the spatial profile of the wave front. The 
system according to this preferred embodiment does not perform a pure phase-only 

30 modulation. The amplitude | o(x\y')| of the resulting wave front does comprise small 
deviations from constant amplitude corresponding to the binary amplitude modulation 
a(x,y). The deviations is a result of having approximated the full effect of the SRW g(r') 
(which follows from diffraction effects in the truncation) by a simpler expression allowing a 
"pure" binary phase modulation. Still, these amplitude variations are very small compared 
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to the typical errors and noise inherent in prior art POSLMs. It is important to note that the 
performed binary phase modulation is as optimal as for the case where the full SRW was 
considered, since here the modulation is not a pure phase-only. 

5 In systems applying typical spatial profiles of the wave front, the aperture fraction tj may 
be determined according to 

As- As, 

where As is a size of the amplitude-modulated wave front a(x,y), As f is a size of the central 
part of the spatial filter, y is a geometrical parameter specific to a spatial profile of the 
10 amplitude modulated wave front a(x,y), X is the wavelength of the radiation, and F is the 
Focal length of the Fourier or Fresnel transformation. Still, tj is ultimately determined by a 
geometrical parameter specific to a spatial profile, however, Equation (7) provides an 
understanding of the behavior of y\ in terms of other variable parameters of the system. 

15 The amplitude modulated wave front a(x,y) and the central part of the spatial filter of a 
specific system may have any of a large number of different spatial profiles, such a spatial 
profile selected from the group consisting of triangular, rectangular, quadratic, rhombic, 
pentagonal, hexagonal, circular, ellipsoidal, etc. The spatial profile of the amplitude 
modulated wave front a(x t y) may be defined by truncating the input wave front. The 

20 spatial profile or shape of the central part of the spatial filter is typically defined by the 
fabrication of the filter, and is typically chosen to match the spatial profile of the wave 
front. 

In an appendix to the present application, the derivation oft), Kfa), and y is shown for the 
25 specific example of a circular spatial profile. Given this derivation, it is within the abilities 
of the person skilled in the art to find how the values of ti, K(t|), and y are determined for a 
system having a given spatial profile. 

In still another preferred embodiment, the amplitude modulated wave front a(x,y) and the 
30 central part of the spatial filter have an at least substantially circular spatial profile, and the 
parameters ti and K(tj) may be determined t| and K(r|) according to 
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where Ar is the radius of the amplitude-modulated wave front a(x,y) and Ar f is the radius of 
the central part of the spatial filter, and 

K = \-J Q (U2xTi) t (9) 

where J 0 is the zero'th order Bessel function. 

5 

In a further preferred embodiment, a multi-valued or analogue phase modulation may be 
performed using a multi-valued or analogue (or grey-scale) spatial amplitude modulation 
a(x,y). Applying an analogue amplitude modulation will generate a corresponding 
analogue phase modulation in the resulting wave front. However, in this case, all parts of 
10 the resulting amplitude modulation may not be generated with the same amplitude, and 
the modulation will not be phase-only. To generate a constant amplitude distribution for 
the phase modulated wave front, the resulting amplitude modulation |o(x\y')| may be 
counterbalanced using a second amplitude modulator. 

15 Thus, according to the further preferred embodiment, the spatial amplitude modulation 
a(x,y) has three or more different values, and the method further comprises the step of, 
after the inverse Fourier transformation or the inverse Fresnel transformation, performing 
a spatial amplitude modulation a 2 (x\y') on the phase modulated wave front o(x\y') using a 
second deflecting and/or absorbing device, in order to generate an at least substantially 

20 constant amplitude distribution in the phase modulated wave front o(x',y T ). 

In a system according to the preferred embodiments described in relation to Equation (5) 
through (9), the amplitude modulator and/or the spatial filter are preferably adapted to be 
controlled according to the adjustment of a(x,y) and/or H(f x ,f y ). Hence, any controller, 
25 holding means or electronic processing means are adapted to control, hold, or calculate 
the values of a(x,y) and/or H(f x ,f y ) according to the relevant equation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows an overview of a spatial phase modulating system according to the 
30 present invention. 

Figure 2 is an illustration of the basic components of a spatial phase modulating system 
according to the present invention, 
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Figure 3 is a schematized set-up of a binary phase modulating system according to the 
present invention, 

Figure 4 is a graph illustrating the method of determining of an aperture fraction r\ for a 
5 system having a circular aperture/spatial profile, 

Figure 5 is a detailed set-up of an implementation of the preferred embodiment of Figure 
3, which also provides detection of the phase modulation, 

10 Figure 6A shows a binary amplitude modulation a(x,y) used in a numerical modeling of 
the embodiment shown in Figure 3. Figure 6B shows the amplitude and phase distribution 
of the wave front o(x',y') resulting from the numerical modulation, 

Figure 7A shows an amplitude modulation a(x,y) used in a numerical modeling of an 
1 5 embodiment wherein a(x,y) is optimally adjusted in relation to the filter function H{f x ,f y ). 
Figure 7B shows the amplitude and phase distribution of the wave front o(x\y') resulting 
from the numerical modulation, 

Figure 8 is a schematized set-up of a multi-valued/analogue phase modulating system 
20 according to the present invention, 

Figure 9 shows a basic layout of the graphical phasor chart for illustrating the output of a 
given system according to the present invention, 

25 Figure 1 0A-D shows a phasor chart for a number of specific systems, 

Figure 1 1 shows a phasor chart for the embodiment shown in Figure 8, 

Figure 12 shows an experimental system for verification of the present invention, 

30 

Figure 13 shows an input amplitude modulated wave front, and 

Figure 14 shows an interference fringe pattern of a phase modulated wave front. 
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DETAILED DESCRIPTION 

Figure 1 shows an overview of a spatial phase modulating system 4 according to the 
present invention. The system receives an input wave front 2, E(x,y) having a spatial 
5 phase distribution cj>(x,y). The spatial phase distribution <t>(x,y) shows the relative phase of 
different parts of the wave front as deviations from the "zero phase shift plane" according 
to the inserted coordinate system. Thus the spatial phase distribution 4>(x,y) of the input 
wave front 2 is a flat or constant distribution meaning that the whole wave front is in 
phase. 

10 

The spatial phase modulating system 4 performs various modulations and transformations 
to provide a phase-modulated output wave front 6, o(x'y), having an amplitude |o(x'y)| 
and a spatial phase distribution arg[o(x'y)]. As can be seen in Figure 1, the spatial phase 
distribution arg[o(x r ,y')] is markedly different from <|>(x t y) of the input wave front. Whereas 

15 <(>(x,y) was flat or constant, arg[o(x\y')] has variations in the spatial phase distribution 
meaning that different parts of the wave front is phase shifted. Whether the central parts 
have had a negative phase shift or the edge parts have had a positive phase shift can not 
be read from the spatial phase distribution. The mesh in the phase distributions makes it 
possible to show the variations in the phase distribution and does not necessarily imply a 

20 pixilated phase modulation. 

Figure 2 shows an implementation of the spatial phase modulating system 4 of Figure 1, 
which also shows the designation of the wave front at different stages in the system. The 
system illustrated in Figure 2 comprises a device 1 for modulation the amplitude of the 

25 incoming wave front E(x ? y) by deflecting or absorbing parts of the incoming wave front to 
generate an amplitude modulated wave front a(x,y), means 3 for Fourier or Fresnel 
transforming the amplitude-modulated wave front, a spatial filter 9 for phase shifting 
and/or damping one or more components of the Fourier or Fresnel distribution a(f x ,f y ), and 
means 5 for inverse Fourier or inverse Fresnel transforming the filtered wave front a(f XJ f y ) 

30 to generate a phase modulated wave front o(x'y). In Figure 2, all components are shown 
as transmitting components, however, the spatial phase modulating system 4 can be 
implemented with one or more or all components being reflective components. 

The amplitude modulator 1 for modulation of the amplitude of the incoming wave front 
35 E(x,y) performs a spatially continuous or a pixilated amplitude modulation a(x,y) to 
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generate a phase modulated wave front a(x,y), A spatially continuous amplitude 
modulation can e.g. be generated by a transparent film with a picture, similarly an LCD 
display or another ASLM can generate a pixilated amplitude modulation. If the loss of light 
in the spatial phase modulating system 4 is to be minimized, the amplitude modulator 1 
5 can amplitude modulate the wave front without totally extinction of any parts of the wave 
front (except at potential dead-space in ASLMs) by generating various nonzero amplitude 
levels. This would compare to a transmitting device with only grayscale parts and no non- 
transmitting parts, or a reflecting device having parts of different reflectivity and no non- 
reflecting parts. 

10 

Different spatial parts of the spatial filter 9 are not related to corresponding spatial parts of 
the amplitude-modulating amplitude modulator 1. Instead, the spatial filter 9 modulates 
components of the Fourier or Fresnel distribution a(f x ,f y ) spatial frequencies of the 
amplitude distribution a(x ( y). Thus, the effect of the amplitude modulation generated by 
15 the amplitude modulator 1 and the filtering of the spatial filter 9 is only indirectly related. 

The spatial filter 9 can phase shift and/or damp individual components of the Fourier or 
Fresnel distribution a(f Xl f y ) and thereby affect the phase modulation of the resulting wave 
front, The phase filter can be continuous or pixilated and can be embodied by all devices 

20 for phase shifting and/or damping EIVI radiation, A large number of devices are known, 
e.g. a phase contrast filter or a combination of a standard POSLM and a standard ASLM. 
However, as follows from the previous section, the resolution of the spatial filter does not 
establish the resolution of the resulting phase modulation as the amplitude-modulating 
amplitude modulator 1 determines this. Hence, the resolution of any pixilated spatial filter 

25 is typically much lower than the resulting phase modulation which makes the spatial filter 
9 a much simpler and cheaper device than standard phase modulating devices and 
constitutes one of the major advantages of the present invention. 

In order to produce a predetermined phase output or perform a predetermined phase 
30 modulation, the amplitude modulation a(x,y) and the spatial filtering H(f Xl f y ) typically has to 
be co-coordinated. 

The amplitude modulator 1 can be a fixed amplitude modulator such as a photographic 
film or a transparency with an illustration such as printed computer graphics. However, in 
35 a preferred embodiment, the amplitude modulator 1 and possibly also the spatial filter 9 
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can be dynamically controlled by a computer 18 in order to provide the co-ordination of 
the amplitude modulation and the spatial filtering. The computer 18 can calculate 
appropriate values for <x{x f y) and H(f x ,f y ) and thereafter address the amplitude modulator 1 
and possibly also the spatial filter 9, transmitting a signal for controlling the values of 

5 <x(x ? y) and H(f x ,f y ) for these devices. This would allow for the same system to perform a 
large variety of phase modulations 17. In some cases, some parameters of the amplitude- 
modulating amplitude modulator 1 are substantially constant whereby the spatial filter will 
be the same for a variety of different phase modulations. In such cases, the spatial filter 9 
can be a fixed filter (not dynamically controllable) which provides improved simplicity and 

10 costs, 

In a preferred embodiment shown in Figure 3 and previously described in relation to 
Equation 6, a system 4 provides a binary phase modulation of an incoming wave front 
yielding a binary phase distribution arg[o(x\y')] 6 of an output wave front by a filtering 
15 operation in the Fourier plane. 

As shown in Figure 3, a transmitting amplitude-modulating device 7 receives the incoming 
wave front and performs the amplitude modulation a(x,y). An iris or aperture 3 truncates 
the amplitude modulated wave front to define a circular spatial profile and emit the 
20 truncated amplitude modulated wave front towards the Fourier lens 8. The circularly 
truncated amplitude modulated wave front can be expressed as 

a(x,y) = c\ic(r/Ar)a(x,y). (10) 

The device 7 is an ASLM controlled by a controller such as a computer 18 to perform a 
binary spatial amplitude modulation ct(x,y) according to a binary spatial amplitude 
25 distribution 20. Here, the first lens 8 performs a Fourier transformation forming a Fourier 
distribution of the wave front and the second lens 14 performs an inverse Fourier 
transformation of the filtered Fourier distribution. 

In the embodiment shown in Figure 3, the zero-order component of the Fourier distribution 
30 is filtered in a zero-order spatial filter 10 in relation to all other components of the of the 
Fourier distribution. A central part 12 of the filter 10 induces a phase shift in the zero-order 
component transmitted by this part in relation to the other components. The central part 
12 is circular corresponding to the truncation of the wave front Also, the central part 12 
can dampen the zero-order component in relation to the other components, or similarly, 
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the spatial filter 10 damps all components except for the zero-order component 
transmitted by the central part 12. The zero-order spatial filter 10 can be described by the 

filter function H(f xr f y ), which comprises the combined filter term C = 



A 



where A is the transmittivity (zero transmission A-0, transparent A=1) of the part of the 
5 spatial filter receiving the components of the Fourier distribution having an order larger 
than 0, B is the transmittivity (zero transmission B=0, transparent B=1) of the part of the 
spatial filter receiving the zero-order component of the Fourier distribution, the central 
region 12, and 9 is the phase shift of the zero order component in relation to the 
components of the Fourier distribution having an order larger than 0. 

10 

The co-ordination of the amplitude modulation a(x,y) and the combined filter term C are 
performed according to Equation (6): 

K *\4 C0 iVct - ±{Max(a(x t y)) + Min(a[x,y))) t (6) 

when ti and K(t|) are known. 

1 5 Figure 4 illustrates ti in the case of a circularly truncated beam, t] is a relationship 
between the profile of the diffracted Airy function resulting from the Fourier transform of 
the circularly truncated input aperture, curve 36, and the spatial profile of the zero-order 
phase-filter 10, curve 38. The term tj is defined as the ratio of the radii of the filter, R u and 
the main lobe of the Airy function, R 2 , and can be determined from the physical 

20 parameters of the system 4 by 

R. 1 Ar-Ar r 

where Ar is the radius of the aperture 3, Ar f is the radius of the central part 12, X is the 
wavelength of the light, and F is the focal length of the lens 8. In Equation 6, the function 
g(r) counterbalancing the distortions represented by the SRW g(r') has been 
25 approximated by the previously mentioned Equation (9): 

^=1-^(122*77), (9) 

where J 0 is the zero'th order Bessel function. This will be dealt with in detail in the 
appendix. 
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Typically, A and B are either 0 or 1 whereas 9 typically takes values equal to a fraction of 
7c, n/n, however, any value may be used. The spatial filter 10 can be operationally 
connected to a controller such as a computer 18 for dynamically controlling the 
parameters A, B and 9 in relation to the amplitude modulation a(x,y) in order to provide a 
5 phase modulation corresponding to the amplitude modulation a(x,y). However, since 
these parameters typically only takes a few chosen values, the system 4 can also be 
operated manually or automatically. 

An important feature of the embodiment shown in Figure 3 is that the resulting wave front 
10 has a substantially "flat" amplitude distribution 16 as illustrated in Figure 3 - thus the 
amplitude modulation performed by the device 7 translates into a phase modulation 6 
having a substantially constant amplitude across the wave front. The amplitude 
distribution 16 of the resulting wave front does not have a residual amplitude pattern 
corresponding to dead-space from addressing electronics in the amplitude modulating 
15 device 7, however, the amplitude dead space pattern translates into a pattern of passive 
transmission (no phase modulation) in the resulting phase distribution 6. Thus, dead- 
space in the amplitude modulating device 7 only results in a "phase dead space" pattern 
in the phase distribution 6 in the wave front. The phase dead space pattern is an 
improvement of existing transmitting POSLMs which have both amplitude and phase dead 
20 space. The phase dead space pattern can be reduced or removed by using a reflective 
amplitude modulating device having the addressing electronics on the backside and 
thereby little or no amplitude dead space. 

The preferred embodiment of the phase modulating system 4 described in relation to 
25 Figure 3 has been implemented in a simple experiment using standard optical compo- 
nents. Figure 5 shows the optical set-up of this implementation which also provides 
detection of the phase modulation. The implementation only serves as a qualitative 
illustration and does not provide a fully optimized performance of a phase modulating 
system according to the present invention. 

30 

Figure 5 shows the basic set-up comprising the amplitude-modulating device 7, aperture 
3, achromatic doublet lenses 8 and 14, and the zero-order spatial filter 10 in a 4F 
configuration. A laser source 30 emits a collimated laser beam at 633 nm which is 
expanded in expander 40 to a beam diameter of 10 mm. An iris 31 having an aperture of 
35 5 mm is positioned between the amplitude-modulating device 7 and the first Fourier lens 
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8. The Fourier lenses 8 and 14 have focal lengths = F 2 - 200 mm, however, 14 will 
often have a larger focal length in order to introduce a magnification of output given by 
F^/Fl The spatial filter 10 is positioned in the Fourier plane between the lenses. The size 
of the circular central part 12 transmitting the zero-order component of the Fourier 
5 distribution is in the range 20-1 00 urn but is typically chosen in relation to the size of the 
aperture 3 in order to achieve an appropriate overlap as expressed by q. The spatial filter 
have parameters A = B = 1 , which indicates a loss less filter, and 0 = it. 

The phase modulation can be detected by a variety of detectors, in a simple set-up, the 
10 system 4 is positioned in a Mach-Zehnder interferometer which forms an interference 
pattern between the initial wave front E(x,y) and the phase modulated wave front o(x\y'). 
The resulting interference pattern will show displacements corresponding to the phase 
modulation. Alternatively, the phase modulations can be detected in a phase detector or 
wave front sensor 32, e.g. a Shack-Hartmann wave front sensor 

15 

The phase modulation performed in the system described in relation to Figure 3 or 5 have 
been simulated in a complete numerical modeling. 

The modeling includes aperture truncating effects at the input and in the filter plane (i.e. 
the influence of SRW curvature according to Equation (A7) of the Appendix). A loss less 
20 rc-phase shifting filter was applied with aperture fraction tj = 0.4. The curvature pre- 
distortion from g(r') has been disregarded, whereby g(r*) can be approximated by Kfo) of 
Equation (9), making it much simpler to encode the input. The amplitude distribution pre- 
coded according to Equation (6), which for the loss less filter can be further simplified to: 

Ka\C\ 2 = Max(a{x,y)) + Min(a{x>y)) (11) 

25 

Figure 6A shows a cross-section plot of the binary amplitude modulation a(x,y) and Figure 
6B shows cross-section plots of the amplitude |o(x'y)| and phase arg[o(x'y)] of the phase 
modulated wave front resulting from a complete numerical FFT-modeling of the optical 
system. 

30 

The price to pay for disregarding the full influence of the SRW g(r*) can be seen in the 
amplitude plot |o(x f ,y')I of Figure 6B where the output amplitude profile now has a slight 
curved and rippled shape instead of being perfectly flat (in particular at the edges of the 
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aperture). As expected there is no impact on the oscillating phase which is extremely 
robust in the case where a loss less ^-phase shifting filter is applied. 

Another simulation has been performed wherein the full influence of the SRW g(r') have 
5 been regarded. Again, the modeling includes aperture truncating effects at the input and 
in the filter plane (i.e. the influence of SRW curvature according to Equation (A7) of the 
Appendix). A loss less ^r-phase shifting filter was applied with aperture fraction /pOA 
By regarding the full influence of the SRW g(r') means that the pre-coding of a(x,y) have 
been performed according to Equation (5) 

10 cc(x,y) = b{x y y) + bte-gY } g{r) (5) 

g(r) is a function which counterbalancing the effects represented by a synthetic reference 
wave of the system, and g \$ the average value of g(r). Figuratively, g(r) can be seen 
as determined by taking an imaginary output wave front, without the effects represented 
by g(r'), and track it back through system to determine the distortions of the systems to be 
15 counterbalanced by g(r). 

Figure 7A shows a cross-section plot of the amplitude modulation a(x,y). The plot clearly 
indicates the influence of a curvature term (see second term of Equation (A15) of the 
Appendix) giving rise to a curved envelope function superposed the original binary 
20 amplitude sequence to generate the precise amount of pre-distortion to counteract the 
influence of aperture effects in a real optical system implementation. 

Figure 7B shows cross-section plots of the amplitude [o(x , ,y , )| and phase arg[o(x\y')] of 
the phase modulated wave front, and shows the desired binary oscillating phase read-out 
25 (measured in radians) and the perfectly flat amplitude output profile. 

In another preferred embodiment shown in Figure 8, a system 4 provides a multi-valued 
or analogue phase modulation of an incoming wave front yielding a multi-vaiued/analogue 
phase distribution Mx.y) 6 of an output wave front by a filtering operation in the Fourier 
30 plane. 

As shown in Figure 8, a transmitting amplitude-modulating device 7 receives the incoming 
wave front, performs the amplitude modulation and emits the amplitude modulated wave 
front towards the Fourier lens 8. The device 7 is an ASLM controlled by a controller such 
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as a computer 18 to perform a multi-valued/analogue/grayscale spatial amplitude 
modulation ct^x.y) according to a multi-valued/analogue/grayscale spatial amplitude 
distribution 22. The input wave front is quadratically truncated according to the aperture 
42 defined by the edges of the phase modulator The first lens 8 performs a Fourier 
5 transformation forming a Fourier distribution of the wave front and the second lens 14 
performs an inverse Fourier transformation of the filtered Fourier distribution. The zero- 
order component of the Fourier distribution is filtered in a zero-order spatial filter 10 similar 
to the spatial filter described in relation to Figure 3. However, in the embodiment of Figure 
8, the centra] part 12 is quadratic since the spatial profile of the wave front, and thereby 
10 the shape of the zero-order component, is quadratic. 

Applying an analogue amplitude modulation will generate a corresponding analogue 
phase modulation in the resulting wave front. However, in this case, all parts of the 
resulting amplitude modulation can not be generated with the same amplitude, and the 
15 modulation will not be phase-only. To generate a constant amplitude distribution for the 
phase modulated wave front, the resulting amplitude modulation \o{x!,y)\ can be 
counterbalanced using a second amplitude modulator. 

Hence, in order for the resulting wave front to have a "flat" amplitude distribution 16 as 
20 illustrated in Figure 8, a second amplitude modulation a2(x',y') can be performed by a 
second amplitude-modulating device 24 inserted after the second lens 14, As shown, the 
second amplitude-modulating device 24 is preferably dynamically controlled in relation to 
the amplitude modulation a^x.y) of the first amplitude-modulating device 7 by the 
computer 18. 

25 

The method for co-coordinating the amplitude modulations ai(x,y) and a 2 (x\y') and the 
parameters of the filter function H(f Xl f y ) in this preferred embodiment will be described in 
relation to Figure 11, Typically, A and B are either 0 or 1 whereas 9 typically takes values 
equal to a fraction of n, 7i/n, however, any value may be used. The spatial filter 10 can be 
30 operationally connected to a controller such as a computer 1 8 for dynamically controlling 
the parameters A, B and 9 in relation to the amplitude modulations a^x.y) and a 2 (x'y) in 
order to provide a phase modulation corresponding to the amplitude modulation a^x.y). 
However, since these parameters typically only takes a few chosen values, the system 4 
can also be operated manually or automatically. 
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In planar optics the whole optical system is integrated monolithically in a single substrate. 
The optics is folded into a two-dimensional geometry making the implementation 
compatible to the fabrication techniques used for the processing of integrated circuits. 
Accordingly, it is also possible to use surface-mounted opto-electronic components on the 
5 substrate surfaces. The surfaces of the substrate including the optical components are 
coated with a metallic or dielectric layer to keep the zigzag reflected light inside the 
substrate. The technology provides for miniaturization (in the centimeter-range), 
robustness (insensitive to environmental influences such as dust and humidity) and 
replication methods for mass production. 

10 

It is often a complicated task to obtain an overview of the output from a system like that 
shown in Figures 3 or 8, for a given input amplitude distribution and the set of filter 
parameters (A,B,9). In this section, we briefly describe a graphical phasor-chart method 
for system analysis and how to apply this technique to specific examples. 

15 

For the majority of cases we are working directly with the combined filter parameter, 

= \C\e** c , obtained from Equation (A21 ) of the Appendix, and we would 
accordingly like the graphical phasor chart to work with this parameter as well. 

20 Figure 9 shows the basic layout of the graphical phasor chart for mapping a real-valued 
positive input amplitude (indicated on the thick line on the x-axis) to an output phase and 
amplitude for a set-up with Fourier filter parameters (A, B, 9) combined into the single 
complex filter parameter C = \C\e** c . The key elements of the chart are labeled for clarity. 

A noticeable feature in this chart is that all jK|o| -circles are arranged concentrically within 

25 a unity phase circle. The phase of the combined filter parameter, *F C , is measured about 
the center point of the circles with the scale shifted by 180° . The radial scaling for the 
position of the indicated 'read-our fix point simply depends on the factor |Cj , resulting in a 

radial parameter, R t in the coordinate system given by R = |C|#|a| . 

30 The phasor chart of Figure 10A shows an example of the use of the chart to obtain 
different binary phase and amplitude outputs for the same binary valued amplitude input 
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0/1, whereas Figure 10B shows an example with binary input where smallest input value 
is larger than 0. 

Figure 10C shows a phasor chart with following parameters: Ka = 1/4 and 
5 C - |C| exp(z y/ c ) = -2 , identical to the parameters used in the embodiment described in 
relation to Figure 4 generating a 180° binary phase pattern. The phasor chart of Figure 
1 0D shows a phasor chart with following parameters: Ka = 1/2 and 

C = Iclexp^y^) = V2 cxp(f3^/4) , used for generating a 90° binary phase pattern, 

1 0 In the embodiment for generating a multi-valued or analogue phase modulation, described 
in relation to Figure 8, a second amplitude modulation a 2 (x,y) should be performed in 
order to counterbalance the amplitude modulation remaining in the generated wave front. 
The value of ct 2 (x,y) r or equivalent^ the value of a 2 (x,y) for each pixel (x,y) in the second 
phase modulator 24 can be determined using a phasor chart illustrating the situation when 

15 an analogue input (multiple input grey levels) is applied. Such phasor chart is illustrated in 
Figure 1 1 . 

As is illustrated by the different length of the arrows, a non-uniform amplitude distribution 
directly related to the input addressing grey level length of the arrows is the price to pay 
20 for obtaining multiple phase shifts. This can be easily compensated for by using a second 
amplitude modulator truncating all amplitudes to the same value while keeping the 
analogue phase values as the desired output. The second amplitude modulation should 
equalize the lengths of the arrows by damping all the "peaks" in the amplitude distribution 
to the level of the shortest arrow. 

25 

The present invention has a large number of applications. It may be used as replacing 
POSLMs in all the applications of such device, e.g. for: 

• Converting digital amplitude patterns into digital phase patterns for efficient 
30 holographic data storage. 

• Generating holographic multiplexing of multiple patterns based on phase-coding. 

• Generating phase patterns or phase keys for accessing phase encrypted spatial 
information. 

• Generating phase patterns for defocusing tests. 
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In general, the present invention can advantageously be applied where a high quality 
dynamic spatial phase modulation is required - e.g. fully controlled by a computer 
interface. 

5 APPENDIX 

In the following, a full theoretical derivation of the expressions used to determine the 
values of the spatial amplitude modulation <x(x,y) in relation to the parameters of the filter 
function H(f x ,f y ), or vice versa, is given. The adjustment of cc(x,y) in relation to H(f x ,f y ) is 

10 serves to control the phase modulation to generate a predetermined phase-modulation 
ofx'.y"). The output from this derivation is Equation (5) used previously to optimize the 
performance of the method and system according to the third and fourth aspect of the 
present invention, and Equation (6) and (11) providing more practically accessible 
approaches with high-end performance. As the exact expressions depends significantly 

15 on the beam profile of the wave front through the system, a specific input aperture in the 
system must be chosen when performing the derivation. However, given the present 
application, similar derivations for other input apertures/beam profiles is within the 
competence of the person skilled in the art. 

20 Assuming a circular input aperture with radius, Ar , truncating the spatial amplitude 
pattern modulated onto a collimated, unit amplitude, monochromatic field of wavelength, 
X , we can describe the incoming light amplitude a(x,y) by, 

a{x,y) = circ(r/Ar)a(x,y) (A1) 

at the entrance plane of the optical system using the definition that the circ-function is 

25 unity within the region, r = -Jx 2 +y 2 < Ar , and zero elsewhere. 

Similarly, we assume a circular on-axis centered spatial filter of the form: 

H{f„f y )= A(l + {BA- 1 exp(i0)-l)circ(/ f /A/ r )) (A2) 

where ££[0,1] is the chosen filter transmittance of the focused light, B e[0;2?r] is the 
30 applied phase shift to the focused light and A e[0;l] is a filter parameter describing field 
transmittance for off-axis scattered light. The spatial frequency coordinates are related to 
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spatial coordinates in the filter plane such that: (f x ,f y ) = (#")"' (*/>>/) and 



Performing an optical Fourier transform of the input field from Equation (A1) followed by a 
5 multiplication with the filter parameters in Equation (A2) and a second optica! Fourier 
transform (corresponding to an inverse Fourier transform with inverted coordinates) we 
obtain an expression for the complex amplitude o(x\y } ) describing the interferogram at 
the observation plane of the 4-f set-up: 



10 where g(r') is the synthetic reference wave (SRW) and the term a is given by: 



The object dependent term, a , corresponding to the amplitude of the focused light plays 
a significant role in the expression for the generated interference pattern. Of similar 
importance in the analysis is the term g(r') describing the spatial profile of the SRW, 

15 diffracted from the aperture formed by the on-axis centered filtering region. It is the 
interference between this SRW term, carrying the information about the filtering 
parameters, and the imaged input amplitude pattern that generates the desired output 
phase pattern. 

20 To obtain an accurate description for the SRW and thereby an accurate derivation for 
Equation (A3) the zero-order Hankel transform is applied followed by a series expansion 
in the spatial dimension, r\ For a circular input aperture with radius, Ar , we can describe 
the radius of the corresponding central phase shifting region of the Fourier filter 
(characterized by the parameters 8 and 6) in terms of a radial spatial frequency range 

25 Af r . We can thus obtain the following expression for the SRW by use of the zero-order 
Hankel transform: 



o(x\?)= A[a(x\y)c\rc(r'/br) + a(BA- ] exp(i0)-l)g(r')] 



(A3) 




(A4) 




(A5) 
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In order to simplify the analysis, we introduce a term rj, which explicitly relates the radius 
of the central filtering region, R { , to the radius of the main-lobe of the Airy function, R 2 , 
resulting from the Fourier transform of the circular input aperture. We can thus express 77 
in terms of Ar and Af r such that: 



where the factor of 0.61 arises from the radial distance to the first zero crossing of the Airy 
function corresponding to half of the Airy main lobe factor, of 1.22. If we make this 
substitution in Equation(AS) and then perform a series expansion in r' , we obtain the 
following expression for the SRW: 



in this expansion, the SRW is expressed in radial coordinates normalized to the radius of 
the imaged input aperture. This can easily be scaled to allow for a magnification within the 
imaging system, though for the remainder of the analysis a direct imaging operation is 
assumed. From Equation(A7) it is apparent that the SRW will change as a function of the 
15 radius of the central filtering region. Additionally, it is clear that the SRW profile is not 
necessarily flat over the system output aperture. 

Following these initial calculations for the spatial filtering process it is now possible to 
analyze the generated interference pattern in terms of amplitude/intensity and phase 
20 components. 

From Equation (A3) we can easily derive an expression for the generated output intensity: 



\o{x\yf = A 2 [a 2 {x\y)ckc(rVAr) + a(l + B 2 A' 2 -2BA~ l cos(0)V(r') 

— (Al 
+ 2a(BA~ l cos(0) - i)a(x',y')g(r')ckc(r>/Ar)] 

Using a loss less filter (most desirable) one can insert A = B = 1 (no absorption), 6 = n 



5 



(A6) 



10 




(A7) 



25 



and truncating the output aperture by circ(rVAr) to get: 



o{x>,y) = [ a ( x \y>)-2ag(r')] 



(A9) 
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Given a bipolar pattern b(x\y) to be optically read-out as a spatially similar phase pattern 
with binary phase stepping 0/ it. This is obtained optically by implementing the following 
(positive) input amplitude function: 

a(x,y) = b{x,y) + 2ag{r) (A10) 

5 whereby the aim is achieved: 

o{x\y)=\b(x\y)\zb{x\y) (ah) 

In Equation (A10) we have a functional dependence of a(x,y) on both sides of the 
equation (a is the average of a(x,y) calculated by Equation (A4)). One therefore needs 
a way to remove this interdependence to be able to code a(x 9 y)on the input side of the 
10 system. 

By taking the spatial average value on both sides of Equation(AlO) and reordering terms 
one finds: 

.a = h[l-2g]-' (A12) 

15 where 

g = 2{Ar) 7 ]rg(r)clr (A13) 
o 

and 

b = (x(Ar) 2 )~)\b(x,y)dxdy (A14) 



20 Combining these equations one finally obtains a directly applicable expression for coding 
of the input amplitude function a(x,y): 

a(x,y) = b(x, y ) + b[t-g]- l g(r) (A18) 

with bounding range on the binary function b(x,y): 

'*m( g {r)l$-g]- l bz\b\>o 

\MAX( g (r))[^-g]- l b <[l-\b\] 

25 and 



P00096US2 



36 

\g<i=>l>o (A17) 

[g>^=>6 <o 

Even though there are two choices of regions for g according to Equation (A17) it is most 
desirable to select within the region g < \ due to reduced curvature of the SRW profile for 
this region. 

5 

Combining the two expressions in Equation(A16) one obtains: 



'[i-flMAX(^r))+MIN(«(r))f >b 
l[l +[MAX(g(r))-MIN(g(r))][g -$*b] >\b\>0 



(A18) 



and finally the explicit bounds on |*| and b are found for successful generation of a binary 
0/x phase modulation with approximately uniform amplitude: 

, i[l + [MIN(g(r)) - MAX(g(r))][MAX(g(r)) + MIM(^))]" 1 ] *H>0 ^ g) 
[i-flMAX(«(r)) + MIN(g(r))f ' *6 



Depending on the accuracy needed for the description of the interferograms one can 
choose to include a number of spatial higher order terms from the expansion of the SRW 
in Equation (A7). The influence of the higher order terms has the largest impact along the 
15 boundaries of the imaged aperture. For 77 -values smaller than 0.627 and when operating 
within the central region of the image plane, spatial higher order terms are insignificant 
and we can approximate the synthetic reference wave with the first and space invariant 
term: 

g(r f e central region) m 1 - J^Mlnrj) (A20) 
20 so that we can simplify Equation (A3) to give: 

o{x\?)= A[a{x\y)c\TQ{rl^Ka(BA-' cxp(z0)-l)] (A21) 

where K = 1 - J 0 (\.22xrj). The influence of the finite on-axis filtering radius on the focused 
light is thus effectively included as an extra "filtering parameter" so that the four-parameter 
filter set (A, B, d, K(rf)) together with the input amplitude dependent term, a , effectively 
25 defines the type of filtering scheme we are applying. 
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From Equation (A21) we see that the filter parameters (A,B,6) can be combined to form 
a single complex valued term, C, the combined filter term, such that: 

C = |C|exp(iy c )= B4- l exp(/0)-l (A22) 

5 therefore, Equation (A21) can be further simplified to give: 



,y)circ(r'/Ar) + Ka\C\ exp(/ if/ c )]forBA-^l 
C+l\'\a{x\y')ckc(r'I^)+K^ex V {iy/ c )]for 1 < BA' 1 



(A23) 



where it has been implicitly assumed that unnecessary absorption of light in the Fourier 
filter is minimized and where: 



BA' X = tJ\ + 2\C\cos{v c ) + \C\ 2 
0 = sm- , ((^- 1 )"'|C|sin(^ c )) 



(A24) 



1 0 Within the framework of the combined filter term and flat SRW profile region it is now a 
relatively straightforward task to analytically derive the governing equations for obtaining 
pure phase read-out: 



£a|Cj|cos(y c )| = ±(Max(a(x,y)) + Min(a(x,y))) 



(A25) 



which is further simplified for loss less filters - with |Cj = 2|cos(^ c )|, from Equation (A22) 
15 to give: 



Ka\d[ 2 = Max(a{x,y)) + Min(a(x,y)) 



(A26) 



Procedure for realizing phase-only read-out according to the present invention, utilizing a 
20 phase modulating system with a circularly truncated input aperture and a zero-order filter: 

- First calculate tj = (0.6 1)" 1 ArA/ f for the optics in use where filter size in spatial 
frequency space is given by: A/ r = (A/)" 1 A/y. Here f is the focal length of the first 
Fourier transforming lens, X is the wavelength of electromagnetic radiation and Ar 
25 and Ar r is the physical input aperture radius and filter dot radius, respectively. 
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- Calculate K = 1 - /„(! .22^77) for the optics in use inserting ;/ from above in the 
argument for the zero'th order Bessel function. 

These initial calculations are specific to the utilized system, the freedom of design of the 
5 phase modulation pattern arg[o(x , .y')] lies in the adjustment of a(x,y) in relation to H(f x ,f y ). 
The following steps describes the constrains in the design of the phase modulation 
pattern arg[o(x',y')], and can be carried out in any order: 

- Choose operating values for input amplitude pattern Max(a(x,y)) and Min(a(x,y)). 
10 - Calculate the average of the input amplitude pattern, a . from the spatial distribution of 

the desired pattern. 

- Realize the combined filter parameter that fulfils Equation (A25) or in case of loss less 
filters Equation (A26). 

15 EXPERIMENTAL RESULTS 

An experimental system for verification of a method and a system according to the 
present invention is shown in Fig.12. The light source of the experimental system is a 
635nm laser diode LD. The light beam emitted by the laser diode LD is spatially filtered, 
20 expanded and collimated with a beam expander BE whereby a substantially plane wave 
front is generated. A wave front of an electromagnetic field or wave is a surface in space 
along which the phase of the field does not change. Lenses L1 and L2 (f=200mm) form a 
4-f system with a Fourier filter positioned between L1 and L2, and the amplitude 
modulation AM is performed in the plane of the iris (IR1) constituting an input aperture for 
the phase modulating system. The experimental system also comprises an interferometer 
for determination of the phase at the output of the phase modulating system. The beam 
splitters BS1 and BS2 and mirrors M1 and M2 form a reference arm for a Mach-Zender 
interferometer producing output fringes that are recorded on a CCD camera. The second 
iris IR2 is used to control the size of the reference beam. The Fourier filter is a phase-only 
filter with no amplitude damping. The central region of the filter is circular symmetric and 
has a 60mm diameter phase shifting region with a thickness providing a phase shift of n 
at 635nm. 

A Hamamatsu parallel aligned liquid crystal modulator together with a polarizer generates 
binary on/off modulation of the amplitude of the input wave front with a 25 % fill factor. In 
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general, such a spatial light modulator (SLM) will have a lower contrast than a fixed mask 
and the resolution of the resulting phase distribution will be limited to that of the 
modulator, 

5 Fig 1 3 illustrates the amplitude modulation of the wave front entering the phase 

modulating system. The image of Fig. 13 is recorded with the system without the Fourier 
plane filter in place. The image consists of a number of circular and ellipsoidal dark 
regions on a light background. The 4mm iris is slightly out of focus due to an axial 
displacement between the SLM and iris and some slight interference fringes are visible 

1 0 due to stray light scattered off the beam-splitter in front of the SLM. 

The interferometer phase measurements are shown in Fig. 14. It is seen that the binary 
phase modulation is imposed on a uniform amplitude wave front. The fringe spacing 
indicates a phase shift of approximately n in the output modulation and thus the input 
15 amplitude modulation has been converted into a corresponding desired spatially phase 
modulation. The fringes occurring in the region outside the aperture are caused by light 
scattered by the filtering operation. 

Thus, with the experimental system, phase-only spatial light modulation is provided using 
20 an amplitude spatial light modulator and a phase-only spatial filter. 



